Hepatocyte growth factor activator inhibitor type 1 (HAI-1) is a membrane-bound serine protease inhibitor that is expressed on the surface of epithelial and carcinoma cells. On the cell surface, HAI-1 regulates membrane-anchored serine proteases, with matriptase being the most critical target. Matriptase is involved in pericellular processing of biologically active molecules, including proteaseactivated receptor-2 (PAR-2). Previously we reported that S2-CP8 cells, a metastatic variant of the SUIT-2 human pancreatic adenocarcinoma cell line, showed markedly decreased HAI-1 expression. To assess the significance of HAI-1 loss in invasion and spontaneous metastasis of S2-CP8 cells, we established stable S2-CP8 sublines that expressed HAI-1 under the control of a tetracycline-regulated promoter. In vitro migration and invasion assays revealed inhibitory effects of HAI-1 on S2-CP8 cell migration and invasion. Matriptase activity was suppressed by the expression of HAI-1. As the enhanced invasiveness in the absence of HAI-1 was alleviated by knockdown of matriptase by 81% and of PAR-2 completely, and PAR-2 antagonist also suppressed the invasion, matriptase-mediated PAR-2 activation is involved in HAI-1 loss-induced invasion of S2-CP8 cells. We then analyzed the effect of HAI-1 expression on metastasis of S2-CP8 cells in vivo using a nude mouse orthotopic xenograft model. Although approximately 50% of the control mice developed distant metastasis, mice treated with doxycycline to induce HAI-1 expression did not develop metastasis. These data indicate that HAI-1 loss contributes to invasion and dissemination of a highly metastatic subline of SUIT-2, suggesting crucial roles for the balance of pericellular serine proteases ⁄ inhibitors in pancreatic cancer progression. P ancreatic ductal adenocarcinoma (typical pancreatic cancer) remains a challenging disease with a 5-year survival rate of <5%. The lethal nature of this disease is attributed mainly to the propensity for significant invasiveness and rapid metastatic spreading by mechanisms that are not well understood. (1) The tumor cell microenvironment plays a critical role in the malignant progression of tumors and consists of a complex mixture of tumor and stromal cells, modification to the extracellular matrix and proteins expressed on and secreted from tumor and stromal cells. (2) Pericellular proteolysis significantly influences biological activities of proteins around the constituent cells and thereby determines how the microenvironment participates in tumor progression. Hepatocyte growth factor activator inhibitor type 1 (HAI-1) is a membrane-bound serine protease inhibitor expressed on the surface of epithelial cells. (3) HAI-1 inhibits hepatocyte growth factor (HGF) activator (4-6) as well as kallikrein 1-related peptidase, (7) and also interacts with and inhibits several membrane-anchored serine proteases, such as matriptase, prostasin, hepsin, TMPRSS13, TMPRSS4 and human airway trypsin-like protease. (8) (9) (10) (11) Among these proteins, matriptase, the most important cognate protease of HAI-1, (8) mediates activation of growth factors such as HGF, macrophage stimulating protein (MSP), plateletderived growth factors (PDGF), protease-activated receptor-2 (PAR-2), and other proteases such as prostasin and urokinasetype plasminogen activator (uPA) in the pericellular microenvironment. (12) (13) (14) (15) (16) (17) Therefore, insufficient HAI-1 function on the epithelial cell surface may result in deregulated pericellular proteolysis followed by abnormal activation of bioactive molecules and subsequent downstream signaling, which eventually accelerates malignancy progression. (18) The amount of cell surface-associated HAI-1 can be significantly decreased via enhanced shedding of the extracellular domain (18) (19) (20) or decreased mRNA levels, (21) (22) (23) and a loss of cell surface HAI-1 protein, indeed, occurs in carcinoma cells in vivo. (18, 20, 24, 25) Previously we reported that S2-CP8 cells, a metastatic subline of SUIT-2 pancreatic adenocarcinoma cells, (26) showed markedly decreased HAI-1 expression compared to SUIT-2 and
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For studying metastatic behavior of cancer cells in mouse models, orthotopic transplantation of tumor cells provides a marked improvement over simple subcutaneous implantation and experimental metastasis after tail vein injection. (28, 29) To assess the function of HAI-1 in invasion and metastasis of S2-CP8 cells more rigorously, we established stable S2-CP8 sublines that expressed HAI-1 under the control of a tetracycline-regulated promoter. Using this system, we analyzed the roles of HAI-1 and its possible downstream effector molecule, PAR-2, in cellular invasion in vitro and examined the effect of HAI-1 expression on metastatic spreading in vivo using a nude mouse orthotopic (i.e. intra-pancreas) xenograft model.
Materials and Methods
Cell culture. The human pancreatic adenocarcinoma cell line SUIT-2 and its metastatic subline S2-CP8 were kindly provided by Dr Takeshi Iwamura (Junwakai Memorial Hospital, Miyazaki, Japan). S2-CP8 was established by cutis-pulmonary metastasis-culture (eight times), via subcutaneous injection of SUIT-2 cells into nude mice. (26) The human pancreatic adenocarcinoma cell line AsPC1 was obtained from the American Type Culture Collection (Manassas, VA, USA) through Summit Pharmaceuticals International (Tokyo, Japan). S2-CP8 and AsPC1 cells were cultured in DMEM and RPMI1640, respectively, containing 10% FBS.
RT-PCR and matriptase activity assay. RT-PCR reactions and primer sets for HAI-1, HAI-2, matriptase, TMPRSS13, TMPRSS4, prostasin and GAPDH are described previously. (30) Primer sets for HGF, c-MET, PAR-2 and uPA are indicated in Supplementary Table S1 . Total RNA was prepared with TRIzol (Life Technologies, Carlsbad, CA, USA). Matriptase activity in concentrated (10 9 ) serum-free culture supernatant was measured using the fluorogenic substrate t-butyloxycarbonyl-[(2S0-2-amino-4-(benzyloxycarnony)butanoyl]-L-alanyl-L-arginine4-methyl-coumaryl-7-amide (Boc-E(OBzl)AR-MCA [Peptide Institute, Osaka, Japan]) at a final concentration of 10 lM as described previously. (25) Immunoblot analysis and immunohistochemistry. The primary Abs used in this study are anti-human HAI-1 polyclonal Ab (R&D Systems, Minneapolis, MN, USA) and mAb (1N7), (3) anti-human matriptase mAb M24, (30) anti-human PAR-2 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and anti-human b-actin (Sigma, St. Louis, MI, USA) mAbs. To detect cellular HAI-1 protein, cultured cells were washed in PBS on ice and extracted with 1% Triton X-100 in PBS. Immunoblot analysis and immunohistochemistry of HAI-1 in formalin-fixed paraffin-embedded tissue sections were performed as described previously. (3) For detection of PAR-2 in immunoblotting, non-reducing condition was applied.
Engineered gene expression and knockdown. Human HAI-1 cDNA was subcloned into the lentiviral vector pLenti6.3 ⁄ TO ⁄ V5 and co-infected with pLenti3.3 ⁄ TR to S2-CP8 cells to establish blasticidin-resistant sublines (S2-CP8_HAI-1tet) according to the manufacturer instructions (Life Technologies). To induce HAI-1 expression in vitro, 1 lg ⁄ mL of tetracycline (Tet) (Life Technologies) was added to the culture medium. For KD of HAI-1 or PAR-2, transient transfection of a siRNA pool (ON-TARGETplus SMARTpool siRNA, Thermo Scientific, Yokohama, Japan) was used with the siGENOME Non-Targeting siRNA pool serving as a control. For KD of matriptase, transient transfection of matriptase siRNA (Stealth RNAi; Life Technologies) was used with Stealth RNAi negative control duplex (Life Technologies) as a control. Sequences of siRNA are indicated in Table S1 . Lipofectamine 2000 reagent (Life Technologies) was used for transfection.
Matrigel invasion and cellular proliferation assays. In vitro migration and invasion assays were performed using chemotaxis chambers (ThinCert, pore size 8 lm [Greiner Bio-One, Tokyo, Japan]) coated with type-IV collagen (3.6 lg per filter) and Matrigel-coated invasion chambers (BD BioCoat invasion chamber [BD Biosciences, Bedford, MA, USA]), respectively. Cells (1 9 10 5 ) in DMEM, 0.1% BSA were placed in the upper compartment with 5% FBS added to the lower compartment as a chemoattractant. For S2-CP8_HAI-1tet sublines, cells were incubated with or without 1 lg ⁄ mL Tet. To examine the role of PAR-2 in Matrigel invasion, cells were incubated in the presence or absence of 100 lM of the PAR-2 activating peptide SLIGR-NH 2 and ⁄ or 100 lM of the PAR-2 selective antagonist, FSLLRY-NH 2 (Peptides International, Louisville, KY, USA). After the indicated incubation period at 37°C, the chambers were rubbed with a cotton swab to remove non-invading cells, and the invading cells were fixed and stained with hematoxylin before counting at 200 9 fields under a light microscope. Ten randomly selected fields were counted for each membrane. In vitro cellular proliferation was assessed using the Tetra-Color One assay (Seikagaku, Tokyo, Japan).
Animal experiments. All animal work was carried out using protocols approved by the University of Miyazaki Animal Research Committee, in accordance with international guiding principles for biomedical research involving animals. Sixweek-old male nude mice (Balb ⁄ CAJcl-nu ⁄ nu) were obtained from Kyudo (Saga, Japan). The mice were anesthetized by isoflurane (DS Pharma Animal Health, Osaka, Japan) inhalation and a small transverse incision was made in the left lateral flank. The tail of the pancreas was exposed and S2-CP8 cells (5 9 10 5 ⁄ 50 lL PBS) were injected. The pancreas was returned to the abdomen, and the peritoneum and skin were closed with a continuous suture. The mice were given water with or without 1 mg ⁄ mL doxycycline (Dox) (Sigma). The mice were killed by a lethal dose of isoflurane and autopsied 26 days after the implantation. Tissue samples were fixed in 4% formaldehyde in PBS and processed for H&E staining and immunohistochemical evaluation.
Statistical analysis. A comparison between two unpaired groups was done with a repeated measure ANOVA or Mann-Whitney U-tests using SPSS 15.0 software (SPSS JAPAN, Tokyo, Japan). The threshold for statistical significance was P < 0.05.
Results
Establishment of S2-CP8 sublines that express hepatocyte growth factor activator inhibitor type 1 under the control of a Tet-inducible promoter. Previously we reported that S2-CP8 cells, a highly metastatic subline from lungs and selected from SUIT-2, showed markedly decreased HAI-1 expression compared to the parent line. To determine whether the loss of HAI-1 is directly involved in S2-CP8 cell invasion and metastasis or is simply an epiphenomenon that occurred after the selection of the metastatic variant, we generated S2-CP8 cells that expressed HAI-1 under the control of a Tet-inducible promoter using the pLenti6.3 expression vector system (S2-CP8_HAI-1tet). Two sublines (S2-CP8_HAI-1tet#1 and #2) were isolated in which significant HAI-1 protein expression was induced by Tet treatment (Fig. 1a ). In accordance with the previous report, HAI-1 expression was barely detectable in parent S2-CP8 cells (not shown) and mock-transfected S2-CP8 cells (S2-CP8_mock) ( Fig. 1a ). It should be noted that even in the absence of Tet, very low HAI-1 levels were detectable in S2-CP8_HAI-1tet cells by immunoblotting and RT-PCR ( Fig. 1a,b) . The parent S2-CP8 cells expressed membrane-anchored serine proteases that can be regulated by HAI-1, such as matriptase, TMPRSS13, TMPRSS4 and prostasin. The mRNA levels of these proteases were not altered by the forced overexpression of HAI-1 (Fig. 1b) . Among presumed matriptase substrates, PAR-2 and uPA were also expressed by S2-CP8 cells. Although HGF, another important matriptase substrate, was not expressed by these cells, its receptor c-MET was expressed (Fig. 1b) . The Tet-induced overexpression of HAI-1 modestly enhanced the growth rate of S2-CP8 cells ( Fig. 1c ) and resulted in a more epithelial morphology in vitro ( Fig. 1d ).
Suppressive effect of hepatocyte growth factor activator inhibitor type 1 on Matrigel invasion of pancreatic cancer cell lines.
As S2-CP8 is a metastatic subline, we examined the effect of Tet-induced HAI-1 overexpression on cellular migration and invasion in vitro. As shown in Figure 2a , migratory activity was suppressed by the HAI-1 expression. Then, a Matrigel invasion assay was performed. Judging by the number of invaded cells after 24, 48 and 72 h of incubation, S2-CP8 cell invasion was clearly delayed by Tet-induced HAI-1 expression ( Fig. 2b) . Twenty-four hours after plating of S2-CP8_HAI-1tet#1 cells, the number of cells that had migrated was approximately four times higher in the absence of Tet compared to Tettreated cells. The number of invaded cells was similar after 72 h of incubation, which may be due to the higher growth rate of Tet-treated cells compared to untreated cells (Fig. 1c) or the saturation of cells on the lower filter area. Another clone, S2-CP8_HAI-1tet#2, also showed decreased invasiveness in response to Tet treatment (Fig. 2c) . To further confirm the suppressive role of HAI-1 on invasion of pancreatic cancer cells, we examined the effect of HAI-1 KD on Matrigel invasion of another human pancreatic cancer cell line, AsPC1. While AsPC1 cells were less invasive compared to S2-CP8 cells, transient transfection of siRNA that knocked down HAI-1 expression resulted in enhanced Matrigel invasion (Fig. 2d) . These data indicate a potentially suppressive role for HAI-1 in the invasiveness of pancreatic cancer cells.
Involvement of matriptase ⁄ protease-activated receptor-2 axis in hepatocyte growth factor activator inhibitor type 1 lossinduced enhanced migration and invasion. As matriptase is a cognate protease of HAI-1 on the epithelial cell surface, (8) we tested the effect of HAI-1 overexpression on pericellular matriptase activity. Hydrolysis of Boc-E(OBzl)AR-MCA was significantly suppressed in culture supernatant from Tet-treated S2-CP8_HAI-1tet#1 cells compared with that from non-treated S2-CP8_HAI-1tet#1 cells (Fig. 2e ). The activity was significantly suppressed by KD of matriptase expression. Moreover, matriptase KD alleviated HAI-1-loss induced enhanced invasiveness of S2-CP8_HAI-1tet#1 cells by 81% ( Fig. 2e ).
Protease-activated receptor-2 is an epithelial cell surface protein that is activated by matriptase, (16, 17) and is suggested to be involved in the invasive growth of pancreatic cancer. (31, 32) As S2-CP8 cells express PAR-2, we hypothesized that excess PAR-2 activation may be involved in HAI-1 loss-induced enhanced migration and invasion. To test this hypothesis, we examined the effects of PAR-2 antagonist on the migration and invasion of S2-CP8_HAI-1tet#1 cells with or without Tet treatment. A selective antagonist of PAR-2 (FSLLRY) inhibited migration of S2-CP8_HAI-1tet#1 cells in the absence but not presence of Tet, which cancelled out the advantage of cellular migration conferred by loss of HAI-1 (Fig. 3a ). In contrast, addition of a PAR-2-activating peptide (SLIGR) significantly enhanced the migration of both HAI-1-expressing and control S2-CP8 cells. In a Matrigel invasion assay, a PAR-2 antagonist also showed a suppressive effect on the invasion activity of control S2-CP8, but not on HAI-1-expressing S2-CP8 cells (Fig. 3b ). While the suppression effect was significant in S2-CP8_mock and S2-CP8_HAI-1tet#2, it was modest and not statistically significant in S2-CP8 ⁄ HAI-1tet#1 after 48 h incubation. However, at an earlier time point (24 h incubation), the difference was apparent (P = 0.017) in S2-CP8_HAI-1#1, and PAR-2 KD, instead of the antagonist treatment, resulted in significant suppression of the invasion of S2-CP8 ⁄ HAI-1tet#1 cells in the absence of Tet (Fig. 4) . Taken together, these results indicate that HAI-1 loss-induced enhanced invasion of S2-CP8 cells is mediated, at least partly, by matriptase-mediated activation of PAR-2.
Suppression of tumor growth and metastasis of S2-CP8 cells by forced expression of hepatocyte growth factor activator inhibitor type 1 in orthotopic transplantation model in vivo. Finally, we examined the role of HAI-1 expression in metastatic spreading of S2-CP8 cells using a nude mouse orthotopic transplantation model. Dox was used instead of Tet to induce HAI-1 expression in this experiment. After implantation of S2-CP8_ HAI-1tet#1 cells into the pancreas, mice were given drinking water that either did or did not contain 1 mg ⁄ mL Dox. The mice were killed and autopsied 26 days after cell implantation (Fig. 5a ). Dox treatment indeed induced significant expression of cell surface HAI-1. While the cells formed poorly differentiated tumors regardless of Dox treatment, intratumoral or peritumoral fibroblastic cells were more pronounced in the untreated tumors compared with those from Dox-treated mice (Fig. 5b) . Notably, mice treated with Dox to induce HAI-1 overexpression did not show metastasis to distant organs (n = 10) ( Table 1 ). In contrast, 50% of mice without Dox treatment (n = 9) showed metastases to lungs (44%, 4 ⁄ 9) and ⁄ or liver (22%, 2 ⁄ 9) ( Table 1 and Fig. 5c ). Dox treatment itself did not alter the metastatic capability of the cells, as pulmonary metastasis was equally observed after orthotopic implantation of parent S2-CP8 cells in both non-treated (67%, 2 ⁄ 3) and treated (75%, 3 ⁄ 4) groups. Interestingly, although induced HAI-1 expression enhanced cellular growth of S2-CP8_HAI-1tet#1 cells in vitro, in vivo tumor growth was significantly reduced by HAI-1 (Fig. 5a ).
Discussion
In this study, we analyzed the effect of HAI-1 expression on invasion and metastasis of a metastatic subline (S2-CP8) of the human pancreatic adenocarcinoma cell line SUIT-2 using a Tet ON ⁄ OFF system. Induced HAI-1 expression alleviated migration and Matrigel invasion in vitro, and, more importantly, suppressed metastatic spreading of S2-CP8 cells in vivo. Cancer metastasis is a very complex process that involves migration, invasion, seeding, adhesion and cell growth. In order to analyze a role for specific molecules in metastasis, animal models that represent human processes are required.
Tail vein injection to verify pulmonary colonization and subsequent growth is a simple method, but this model bypasses several steps in the metastatic process and, as such, is not a true representation of the metastasis process in human cancer. Subcutaneous implantation is a commonly-used assay of spontaneous metastasis, but the subcutaneous microenvironment of human visceral cancers is known to differ significantly from their original milieu. (33) Therefore, orthotopic injection of cell suspensions is a marked improvement over simple subcutaneous implantation. (28, 29) We previously reported that HAI-1 KD significantly enhanced early pulmonary colonization of SUIT-2 cells after tail vein injection. (27) However, in a subcutaneous implantation assay in nude mice, HAI-1 KD in SUIT-2 cells did not result in an increased incidence of pulmonary metastasis, although the number of metastatic lesions in each metastatic case was increased. (10) Therefore, convincing evidence for the role of HAI-1 in human cancer cell metastasis in a mouse model has been lacking to date. In this study, using an orthotopic implanted model with a Tet ON ⁄ OFF system, we provide for the first time experimental evidence for the suppressive role of HAI-1 in spontaneous metastasis of pancreatic cancer cells. Although forced HAI-1 expression did not suppress, but rather enhanced, cellular growth in vitro, the expression of HAI-1 suppressed the growth of S2-CP8 cells in the pancreas in vivo. This result may indicate that the biological functions of HAI-1 are dependent on the complex tissue microenvironment where interactions between tumor and host cells occur. These interactions may result in altered expression of extracellular bioactive proteins in the tissue milieu, which could be further modified by pericellular proteolysis that is regulated by HAI-1. For example, pro-HGF is secreted by stromal cells in response to stimulation by cancer cells and must be activated by extracellular serine proteases to transduce c-MET signaling in tumor cells. (6) S2-CP8 cells express HGF-activating proteases such as matriptase and TMPRSS13, (9, 12) which are both inhibited by HAI-1. Matriptase also activates pericellular PDGF-C, PDGF-D and plasma-derived MSP, which, in turn, stimulate both stromal and tumor cells. (13) (14) (15) Therefore, the roles of HAI-1 in cancer biology should be further analyzed in the context of the cancer tissue microenvironment.
Our in vitro analysis also suggested that the loss of HAI-1, indeed, enhances invasion of cancer cells themselves, and in S2-CP8 cells, upregulation of PAR-2 signaling may be involved in this effect. PAR is a family of seven transmembrane-spanning domain G protein-coupled receptors and consists of PAR-1, PAR-2, PAR-3 and PAR-4. (34) After cleavage of the amino-terminal ectodomain, PAR are irreversibly activated upon binding of the newly generated amino-terminal peptide to the core receptor. Whereas PAR-1, PAR-3 and PAR-4 are activated by thrombin, PAR-2 is activated by multiple trypsin-like enzymes (34) and is suggested to be involved in Yes (n = 10) 10% (1 ⁄ 10) 0% (0 ⁄ 10) †Infarction due to portal vein thrombosis. HAI-1, hepatocyte growth factor activator inhibitor type 1. pancreatic cancer progression. (31, 32) Recent studies reveal that matriptase is a potent activator of PAR-2 (16, 17) , and matriptase KD also alleviates HAI-1 loss-induced enhanced invasiveness. Hence, in the present study, deregulated activity of matriptase in the absence of HAI-1 resulted in PAR-2 activation and eventually enhanced cellular invasion in vitro. In contrast in vitro growth was somewhat enhanced by HAI-1 overexpression, a result that may conflict with the possible growthpromoting activity of PAR-2 signaling. (34) However, in accordance with this observation, HAI-1 KD resulted in reduced in vitro cellular growth of human oral squamous and prostatic carcinoma cell lines. (25, 35) At present, the mechanism by which HAI-1 loss reduces cellular growth in vitro is not known, but acquisition of an EMT phenotype may be involved in this phenomenon. (10, 25, 36) An important question that remains unanswered by this study is the clinical relevance of these findings. HAI-1 expression may be augmented in response to adverse cellular situations in tissue injury, (3, 37) which occasionally results in enhanced HAI-1 immunoreactivity in some cancer cells at the invasion front. (20) However, at the same time, significantly reduced HAI-1 immunoreactivity can also be observed in invading cancer cells, (25) which is likely mediated by ectodomain shedding by membrane type-1 MMP (18, 19) and ⁄ or decreased HAI-1 mRNA levels in cancer cells. (21) (22) (23) In clinicopathological studies, possible correlation between decreased HAI-1 expression and disease progression has been suggested in gynecological, mammary, prostatic and gastrointestinal cancers. (22, 23, 25, 36, (38) (39) (40) (41) In contrast, normal hepatocytes do not express HAI-1 and increased HAI-1 expression in hepatocellular carcinomas predicts a worse prognosis. (42) Clearly, detailed clinicopathological analyses of the relationship between cell surface HAI-1 levels and pancreatic ductal adenocarcinoma prognosis using surgically resected specimens will be required.
